Abstract Environmental isotopes data of oxygen and hydrogen of natural water and sulphur and oxygen of dissolved sulphate as well as characteristics of d-excess are used to illustrate the salinity origin in Kert aquifer NE Morocco. In this study, 14 groundwater samples and surface water of the Kert River were collected in the Kert plain during December 2008, and were combined with previously collected hydrochemical data. The isotope compositions of these waters range from -5.74 to -4.51 % for oxygen and from -40.8 to -34.1 % for hydrogen. In Kert River these values are -6.47 % for oxygen and -47.56 % for hydrogen. All the samples with a slope \8 do not fall on the meteoric water line indicating a light evaporation. Water has low and different d-excess values (ranging from ?1.37 to ?9.82 %), reflecting different climatic conditions. Based on the nitrate concentration water in the Kert aquifer comes from the modern precipitation. The isotope compositions range from -2.2 to ?16 % for sulphur and from ?5.02 to ?13.86 % for oxygen. In Kert River these values are -4.6 and ?5.3 % for sulphur and oxygen, respectively. There are fairly constant difference between oxygen of water and the oxygen of sulphate suggesting a dominant control of this latter in sulphate sources. At least three major sulphate sources were identified by the isotope data from sulphate in these waters: (1) dissolved marine sulphate from the underlying upper Miocene unit; (2) dissolved sulphate from Kert River; (3) sulphate derived from oxidation of sulphur compounds in the metamorphic massif of Temsamane. The latter has a dilution role. The isotopic variations of these waters and sulphate concentration therein reflect mixing of these sources in the aquifer.
Introduction
In the Kert basin, groundwater constitutes most of the water resources. The aquifer is used by several economical sectors, like drinking water from Tafersite sector and irrigation. But groundwater salinization is a major limitation for economical development of the region.
Because stable isotopes oxygen and hydrogen or deuterium ( 18 O and 2 H or D, respectively) have conservative properties and depend only on atmospheric conditions during recharge (Gat 1971) , groundwaters are particularly suitable to investigate the relationship between isotopic elements as a tool in applied hydrogeochemical studies. So, the movement of water through the soil into aquifers is invariant with respect to its isotopic ( 18 O and 2 H) composition except as regards mixing with other water bodies. Oxygen and hydrogen are commonly used to study the origin of groundwater salinity. The deuterium excess (d-excess = d 2 H -8d 18 O) is largely used for describing the conditions that lead to kinetic isotope fractionation between water and vapour during primary evaporation in the oceans (Dansgaard 1964 Cappa et al. (2003) .
In cases where the isotopic compositions are accompanied with lowering of d-excess values, it means an increase of aridity (Gat 1995) . Groundwater across the Sahara, northern Africa and in the arid zones has low d 18 O, d 2 H, and d-excess values (B10 %) relative to modern precipitation in these regions (d-excess [16 %) (Clark and Fritz 1997; Sultan et al. 1997) .
The global water cycle exerts a major influence on the 2 H and 18 O isotope composition of natural waters. Global precipitation falls on the meteoric water line (MWL) with a slope of 8. Deviation from a slope of 8 on a plot of D versus 18 O may indicate evaporation, mixing between different water groups, or water-rock interactions. However, in most arid and semi arid environments, the isotope data of meteoric waters line do not fall on the MWL and the slope of the linear correlation between D and
18 O values is generally \8. This is because of non-equilibrium isotope fractionation during evaporation, which does not follow a Rayleigh type distillation (Gonfiantini 1986 ). Because ground-water systems are complex, it is not always possible to constrain the sources of the water salinity using only 18 O and D (Eastoe et al. 2010) . A better understanding of these sources may be obtained by adding information on the isotopic compositions of the dissolved constituents of the groundwater such as sulphur ( 34 S) and oxygen ( 18 O) isotopes. Dissolved sulphate (SO 4 2-) in groundwater can have different origins: (1) those related to bedrock from dissolution of evaporate; (2) marine aerosol and secondary SO 4 2-formed via S oxidation; and (3) anthropogenic sources such as fertilisers and mine drainage. Dissolution of evaporate sulphates would affect the sulphur isotopic composition of water. The d 34 S values of marine sulphate varied over geological time (Claypool et al. 1980) . Several studies have applied the dual approach of O isotopic composition of dissolved SO 4 2-coupled with S isotopes to better characterise the sources of dissolved SO 4 2-in groundwater (Dogramaci et al. 2001; Berner et al. 2002; Moller et al. 2007) . No work has been done on the isotopic composition of groundwaters through the mineralised district of the northeastern Morocco. Groundwater data in this paper are reported from two sources (1) new isotopic results from groundwater and Kert River; and (2) previously published hydrochemical data (Elgettafi et al. 2011) . The latter shows that continuous dissolution of halite and gypsum of upper Miocene unit is the potential source of groundwater salinity. Recent research (Elgettafi et al. 2012) has found that the groundwater salinity progressively increases along flow paths towards the southern and eastern Kert aquifer (Fig. 3) . This increase in salinity has been attributed principally to chloride, sodium, calcium, magnesium and sulphate (Cl -, Na ? , Ca 2? , Mg 2?
and SO 4 2-, respectively). Generally, in most parts of the Kert plain, the salinity of the groundwater is high. In the Driouch southern plain, for example, the level of the total dissolved solids (TDS) exceeds 10,000 mg/L. Likewise; groundwater from the Midar in western plain is highly mineralized with TDS about 11,000 mg/L. However, the salinity of groundwater from Tafersite region in the northern plain is low with TDS not exceeding 600 mg/L. In December 2008 stable isotopic measurements were made on 14 water samples collected from wells and one sample from Kert River. Our aim is to elucidate the origin of salinity in water, because this is crucial for water management and remediation. The advantages of this multi-isotope approach are demonstrated in the present paper for the case study of the Kert plain located in northeastern Morocco.
Geological setting
The Kert basin, which covers a total area of about 250 km 2 , is located in the northeastern part of Morocco and extends between latitudes 34°55 0 and 35°54 0 N, and longitudes 3°19 0 and 3°34 0 W (Fig. 1) . The Kert River is the important river in the Kert basin, which is mostly characterized by a seasonal flow regime. This stream with a total long rounded 90 km and a catchments area rounded 2,710 km 2 (Zielhofer et al. 2008) . During the Miocene to Villafranchian, the Kert depression received mixed and varied thick marine and continental sedimentation. It is limited to the east by the western Gareb range. The metamorphic massif of Temsamane which limits the plain in the north and northwest was affected by a compressive tectonic event generating a N120°E fracture cleavage associated with green shale (Frizon de Lamotte 1985) . In the south part we found intra rifain nappes and marls of Miocene. The Jurassic and Cretaceous deposits mostly constitute of carbonates rocks; limit the plain in the south part (Fig. 1) . Several studies have been done to date the opening of Kert basin. During early-middle Tortonian a series of conjugate strike-slip faults (N70°E-N90°E) occurs east of Nekor fault, related to the formation of Kert basin (Ait Brahim et al. 2002) . While other study suggests that the younger normal fault system records N-S extension controlling the formation of the Kert basin dates the Messinian-Pliocene age (Azdimousa et al. 2007 ). In the Messinian, Kert basin deepened with the Messinian Sea level rise (Haq et al. 1987) . It is known that in the occidental Mediterranean Neogene basin, the sedimentological history is marked by evaporite series related to messinian salinity crisis caused by closing of Gibraltar strait (Rouchy and Caruso 2006) . Whereof, a complex tectono-sedimentary (Gareb-Kebdana chaotic unit) extending from Kebdana in the east towards the Midar city in the west often composed by a gypseous marl was defined in the region (Hervouet 1985) . In the west of plain, the scrapes were principally a fragment of gravity-driven nappes of internal and external rifain domain slided westward along the foreland (Hervouet 1985) . The plain contains transgressed postnappe deposits (Azdimousa 1999) . The micropaleontological dating of the sedimentary filling the Kert basin indicates late Miocene and Pliocene ages (Feinberg 1986 ).
Hydrogeological setting
The hydrogeology characteristic of the study area was described by Carlier (1973) , based on data obtained from pumping tests and electrical geophysics. The strata of various hydrogeological formations can be identified as follows (Fig. 2) . The substratum of the aquifer is represented by upper Miocene transgressed marls, which is overlaid by a contemporary deposit made up of limestone and conglomerate. We assume that the Miocene formation contains the gypsum as well as the one outcrop in the region. The series end with gravel, silt and clay Villafranchian age. Two vertical faults have controlled the Kert basin during the Miocene. These faults have collapsed the centre of the plain and have raised the north and south borders. Consequently, the aquifer might be hydraulically connected through those faults with the underlying Jurassic unit. Two knowledge boreholes were drilled in this latter unit to find an aquifer in the deep resisting formation determined by geophysics (Zeryouhi 1971) . The first borehole number is 1635/6 with the depth of 801 m (X = 685.18, Y = 486.85 Lambert coordinates) and the second borehole number is 1636/6, 684 m in depth (X = 679.14, Y = 484.05 Lambert coordinates). Both of them had not given the expected result. Thirty-two pumping tests were performed on the plain. Permeability and transmissivity computed using classical Theis-Jacob method amount from 0.4 9 10 -5 to 18 9 10 -5 m/s and from 0.1 9 10 -3 to 34 9 10 -3 m 2 /s, respectively. Storage coefficient estimated from these tests is 0.3-3.5 %. The piezometric head contour map realized in 2008 (Elgettafi 2011) shows that in northern part water flows from Northwest to Southeast. The second water flow as the major direction is from West to East in the centre plain. Temsamane massif metamorphic located on the northwestern side is considered as recharge zone for the studied groundwater. The discharge fields are situated in the extreme East. Kert River is characterized by a seasonal flow regime and it is in connection with aquifer.
Materials and methods
Samples of groundwater and river were collected during December 2008 ( Fig. 3 ; Table 1 ). Methods of collection and analysis of water samples followed are essentially the same as given by APHA (1985) . Samples were collected in 1 L capacity polythene bottles. Prior to the collection, bottles were thoroughly washed with diluted HNO 3 acid, and then with distilled water in the laboratory before filling bottles with samples. Each bottle was rinsed to avoid any possible contamination in bottling and every other precautionary measure was taken. Electrical conductivity (EC) was measured on site by a VWR EC300 instrument, previously calibrated by the conductivity solution HI 70031. Samples were stored at 4°C. Prior to analysis, samples Fig. 3 Spatial distribution of electrical conductivity of groundwater (Elgettafi et al. 2011 ) and location of wells and Kert River sampled in this study were filtered with a Millipore filter of 45 lm pore size. Major anion chloride, sulphate and nitrate (Cl -, SO 4 2-and NO 3 -, respectively) were analysed by HP liquid chromatography. Concentration of sodium (Na ? ) was determined by ICP-OES.
The dD and d 18 O of water were obtained by H 2 and CO 2 equilibrium, respectively, and isotope ratio mass spectrometry (IRMS) with a delta S Finnigan Mat. For S and O isotope analysis, the dissolved SO 4 2-was precipitate as BaSO 4 by the addition of BaCl 2 Á2H 2 O, after acidifying the sample with HCl and boiling it to prevent Ba(CO 3 ) 2 precipitation. The S isotopic composition was determined with an Elemental Analyser (Carlo Ebra 1108) coupled with an IRMS (Delta C Finnigan Mat) and the O isotopic composition was analysed with a thermo-chemical elemental analyser (TC/EA Thermo-Quest Finnigan) coupled with an IRMS (Delta C Finnigan Mat). Notation is expressed in terms of d% relative to Vienna Standard Mean Ocean Water (V-SMOW) and Vienna Cañon Diablo Troilite (V-CDT) standards. The isotope ratios were calculated using international and internal laboratory standards. Reproducibility of the simples calculated from standards systematically interspersed in the analytical batches is ±0.5 % for dD, ±0. (Fig. 4) , all the water wells and Kert River are not situated along the WML (dD% = d 18 O% ? 10) defined by Craig (1961) and neither along the Bab Bou Idir Local Water Line (dD% = 7.34d 18 O% ? 16.52). It is showed that evaporation slopes are lower for low humidity conditions and higher for high humidity (Gat 1981) . We have calculated the slope using the data from the Kert aquifer. The data show that this parameter ranges from 6.28 to 7.59 % with 7.35 % in Kert River. All the samples of groundwater and Kert River show slopes \8 (Table 1 ). According to the conventional interpretation this result may reflect evaporation during or after rainfall infiltration and/or mixing with an external water source.
Arid conditions cause substantial evaporation of irrigation water prior to infiltration. Strong influence of evaporation on recharging irrigation water is inferred from the offset in values of d 2 H and d 18 O towards the right of the WML. Another reason for isotopic difference with Bab Bou Idir isotopic composition is probably due to the fact that Kert plain may receive more continental rains compared with the mountainous station.
The Kert River is normally dry; however, during the winter season a significant flow results through the plain into Mediterranean Sea. The isotopic value for this sample is quite variable for those of groundwater and probably reflects variation in the isotopic composition of the numerous storms which crossed the area during this season.
We attempt to use differences in d-excess parameter to determine climatic conditions of groundwater recharge. The data show that this parameter ranges from ?1.30 % (no. 13) to ?9.82 % (no. 1) ( Table 1 ). The sample numbers 6, 7 and 11 with low salinity and locating in the piedmont of Temsamane massif in north plain exhibit a similar d-excess (*?7 %). That implies the common groundwater origin from Temsamane metamorphic massif. However, this parameter presents a remarkable difference (between ?1.30 and ?9.82 %) in the rest of samples with high salinity. It was significantly lower than 10 %, the value estimated by Craig (1961) for global meteoric waters. The reason behind this decrease of the d-excess value in this region is probably formed under different climatic conditions or at least from different moisture sources. Also, this difference in d-excess values in the groundwater may be a function of isotope fractionation degrees during evaporation. In North-West Sahara Aquifer System (NWSAS), the d-excess values in Tunisia range from 1 to 10 % and from -1 to ?11 % in Algerian, which indicate a present day recharge (Algamal 2011 In northeastern Negev aquifer at East part of Mediterranean Sea modern precipitation is characterized by dexcess values in the range of 15-25 % (Levin et al. 1980 ). This result is interpreted as a present day recharge (Vengosh et al. 2007 ), because in this aquifer low d-excess values around 10 % indicate palaeo-recharge ([30 ka PB), while higher d-excess values ([20 %) indicate modernday recharge (Yechieli et al. 1992 ). In our case, with absence of absolute age it is difficult to estimate the recharge age of groundwater in Kert aquifer; however, regarding the high concentration of NO 3
- (Table 1) ; we can attribute the groundwater in Kert aquifer at a present day recharge or at least a mixture with a palaeo-recharge water.
Finally, groundwaters have almost the same isotopic signature and a wide different salinity, which reveal that evaporation mechanism is not sufficient to explain the increasing salinity in Kert aquifer. Following, we use the sulphur isotopes to explain the origin of groundwater salinity in Kert aquifer.
Oxygen and sulphur isotope composition of sulphate

Oxygen isotopes
The oxygen isotope data for sulphate extracted from 14 water samples collected in Kert plain varied from ?5.02 to ?13.86 % (Table 1 ). Figure 5 shows the oxygen isotope compositions of the dissolved sulphate species relative to those of waters from which the sulphate was extracted. If there were strong water or atmospheric controls, the isotope data of the sulphate should fall on or near either the 1:1 line or the atmospheric O 2 line in Fig. 5 . Therefore, the dominant control of d 18 O of SO 4 2-(aq) appears to be the original sulphate sources. It is also noted from Fig. 5 that most of the sulphate has d
18 O values within the range of marine sulphate.
Sulphur isotopes
Isotope measures have been done on 14 well samples and one Kert River. The isotopic characteristics of the investigated water samples varied widely (Table 1) and were used to group the samples into several categories. Water grouping was based on SO 4 2-concentrations, d 34 S and geographical distribution (Fig. 6 ). The observations suggest that there are four major types of groundwater isotopically distinguished in the Kert aquifer. So, d 34 S from dissolved sulphate allows proposing four geochemical basins (A, B, C and D).
Group A (wells no. 6, 7 and 11) along the northern boundary of the plain that is near the Temsamane metamorphic massif (Fig. 3) . The groundwater is low saline with sulphate concentrations \300 mg/L, a wide range of d 34 S values between -2.2 and ?6 %, and d 18 O SO 4 varies between ?5.02 and ?7.77 %. In this case, well 11 represents the groundwater coming laterally from the Temsamane metamorphic massif and may represent a possible end member for the freshwater groundwater in the aquifer (850 ls/cm). We can suppose that dissolved sulphate is partially derived from oxidation of sulphides compounds, like pyrite which may be in the metamorphic rocks of Temsamane. Referring to the piezometric map (Elgettafi 2011) and geographical distribution, water in wells 6 and 7 is a mixture between the water originating from the metamorphic massif of Temsamane and aquifer waters.
Group B (wells no. 4 and 5) located in the centre of the plain, is the richest area in isotopic elements, the values of d 34 S range from ?10 to ?16 % and d 18 O SO 4 varies between ?7.63 and ?13.86 %. The groundwater is saline with the highest Cl -, Na ? and SO 4 2-contents reported in this study. From these results, the high values seem to be the consequence of local dissolution of messinian evaporates rocks, with a little influence of water coming from the north. Moreover, these values are in agreement with high sulphate concentration (1,300 mg/L average value). Therefore, well no. 5 is a possible end member for the saline groundwater in that aquifer.
Group C (wells 1, 8, 10 and 13) is in the right bank of the Kert River, in the south of the plain characterised by high salinity. The values range from -1.4 to ?2 % and from ?6.31 to ?8.28 % for 34 S and d 18 O, respectively. Isotopically, this group is closer to the isotopic signature of Kert River. The waters of these wells are characterized by high sulphate concentration (1,300 mg/L in average) like Kert River. Most of sulphate is of marine origin; the high amounts of sulphate indicate that this cannot be of atmospheric origin or any other one. The water from these wells is in connection with Kert River, reflecting thus variation in the isotopic composition of the lands at different ages and numerous storms which crossed the area during winter season.
In Group D (wells 2, 3, 9, 12 and 14) , the values of d 34 S and d
18 O vary between ?6.1 and ?8.7 % and from ?6.54 and ?8.76 %, respectively. The sulphate concentration is about 600 mg/L except the concentration of 12 well, which is about 55 mg/L. This group is in the left bank of the Kert River. These waters are both influenced by waters coming from the metamorphic massif of Temsamane (well 12) and dissolution of messinian evaporates. Taberner et al. (2000) who explained the decrease in 34 S and 18 O values at the basin restriction and reservoir effect due to fractionation during precipitation.
The considerable difference of data indicates mixing of sulphate from at least three different sources.
The first one is dissolution of messinian evaporates within the reservoir represented by the well 5 and characterized by high value of 34 S and rich in sulphate. The second lower concentration source was seemingly derived by the oxidation of pyrite or some other 34 S depleted sulphide mineral from metamorphic massif of Temsamane, which play a dilution role. The third one is the sulphate carried by Kert River. The water from wells 6 and 7 is intermediate between the water from the leaching of messinian unit and water from the metamorphic massif of Temsamane, with a dominance of this latter.
An important question emerges: why did this difference of 34 S composition and SO 4 2-concentration in C and D groups despite both is situated close Kert River? The water of group C has an isotopic signature low but is richer in sulphate compared with the water of group D. This is explained by the fact that the group C is found in an open system in relation to the external source of sulphate which is the Kert River, while group D is in a closed system with respect to the sulphate.
Conclusion
The O and H isotope data obtained in this study show that all the water wells and Kert River are not situated along the MWL. This demonstrates the rapid isotopic enrichment which can occur as a result of evaporation in this arid setting. It appears from these results that the sulphate of groundwater in the Kert aquifer has the same genetic link, which is the dissolution of messinian evaporates, but the acquisition mode of geochemical composition seems to be different, and depending on the considered sector in which each well is situated. However, a mixing process happened between aquifer and water mass derived from metamorphic massif of Temsamane in the north, and the water from the Kert River in the south. In conclusion, isotope tracing permits to propose four geochemical basins each of them showing a different process affecting sulphate. This hypothesis is consistent with geologic data and also hydrogeological and hydrochemical data.
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